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ABSTRACT

The work documented in this thesis realizes a small-scale implementation
of a Battery Management System (BMS) that has the charging, storage, and
discharge capabilities to meet scaled down requirements of a pulsed power
system. Further, this work establishes a flexible battery research and testing
capability resident at the Naval Postgraduate School (NPS). The designed
architecture will provide this flexibility by providing the capability to change
charging methodologies and types of batteries with only a change of the FPGA
software. The BMS design uses lithium-ion batteries as the energy storage
medium and uses one charger per battery for maximum charging flexibility. In
order to meet a pulsed power system’s requirements, the BMS performs three
functions: charging lithium-ion batteries, storing energy for the pulsed power
application in lithium-ion batteries, and discharging the energy in pulses to
simulate the requirements of a pulse power system. To perform these three
functions the BMS has several elements to include the power source, the
charger, the batteries, the FPGA controller, and the discharge mechanism. The
design and construction of the BMS and these individual elements will be
explored in detall in this thesis.
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EXECUTIVE SUMMARY

The work documented in this thesis realizes a small-scale implementation
of a Battery Management System (BMS) that has the charging, storage, and
discharge capabilities to meet scaled down requirements of a pulsed power
system. Further, this work establishes a flexible battery research and testing
capability resident at the Naval Postgraduate School (NPS). The designed
architecture will provide this flexibility by providing the capability to change
charging methodologies and types of batteries with only a change of the FPGA

software.

Several specifications about pulsed power systems must be known in
order to fully define the system. The first specification would be the level of
power required during each of the pulses. Another specification necessary to
define the system is the number of times this pulse is required to be repeated.
Also required is the period of these pulses. The number of repeated pulses, the
power level of these pulses, and the period of these pulses will then determine
the system’s energy storage requirements. Additionally, the space that the
energy storage medium can occupy must be known. This last specification will
be called the energy density for this system. Once these five specifications are

known, possible solutions to these requirements can be developed.

The following table summarizes the required specifications to completely
develop a solution to pulsed power applications. These requirements could also
include the total weight of the pulsed power system; however, due to the
capabilities of U.S. Navy ships, weight can be disregarded as it is the least

limiting factor for system solutions.
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System Requirement Description

Power Rating The rate of electrical energy delivered during
the pulse.

Pulse Repetitions The number of pulses required.

Pulse Period Length of the pulse duration.

Energy Storage Required The total amount of stored energy to meet the
power and pulse requirements.

Energy Density The amount of energy in a certain volume.
Requirement

Pulsed Power System Requirements

This thesis demonstrates a scaled pulse power system using lithium-ion
batteries as the energy storage medium and uses one charger per battery for
maximum charging flexibility. A basic functional diagram of the BMS is shown in
the following figure.
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Functional Diagram of the BMS.

In order to meet a pulsed power system’s requirements, the BMS
performs three functions: charging lithium-ion batteries, storing energy for the
pulsed power application in lithium-ion batteries, and discharging the energy in
pulses to simulate the requirements of a pulse power system. To perform these
three functions, the BMS has several elements to include the power source, the
charger, the batteries, the FPGA controller, and the discharge mechanism.
These elements have been collected into three components for the purpose of
this design. These components, as shown in the next figure, are the power
source and discharge component, the charger, and the FPGA controller. The
design and construction of the BMS and these individual components will be

explored in detail in this thesis.
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INTRODUCTION

A. PULSED POWER

The United States Navy uses many electrical systems that require or
produce pulsed power. For the purposes of this thesis, pulsed power will be
defined as high power levels delivered over short periods or pulses. To fully
define a pulsed power system, several specifications about the system must be
known. The first specification would be the level of power required during each
of the pulses. Another specification necessary to define the system is the
number of times this pulse is required to be repeated. Also required is the period
of these pulses. The number of repeated pulses, the power level of these
pulses, and the period of these pulses will then determine the system’s energy
storage requirements. Additionally, the space that the energy storage medium
can occupy must be known. This allowable space and the energy that the
storage medium can accommodate in this space will be used to determine the
energy density for this system. Once these five specifications are known,

possible solutions to these requirements can be developed.

Table 1 summarizes the required specifications to develop a solution to
pulsed power applications. These requirements could also include the total
weight of the pulsed power system; however, do to the capabilities of U. S. Navy
ships, weight can be disregarded as it is the least limiting factor for system

solutions.



System Parameter Description

Power Rating The rate of electrical energy delivered during
the pulse.

Pulse Repetitions The number of pulses required.

Pulse Period Length of the pulse duration.

Energy Storage Required The total amount of stored energy to meet the
power and pulse requirements.

Energy Density The amount of energy in a certain volume.
Requirement

Table 1. Pulsed Power System Requirements.

Pulsed power requirements for an example Navy system are listed in
Table 2. The specification for the energy density requirement is left generic since
this requirement is difficult to quantify. Instead, the highest energy density will be
considered for the system that meets the specifications for the other
requirements. With these pulse power requirements, a solution can be
developed.

Requirement

System Parameter

Power Rating 2 [y
Ten repetitions of 8-second pulses.
One pulse will be required every 10
seconds.

16 MJ (4.4 KWh)

Pulse Repetitions

Energy Storage Required

Energy Density Requirement High energy density.

Table 2.  Pulsed Power System Specifications.



B. ENERGY STORAGE MEDIUM

The first step in developing a solution to this pulsed power system is to
determine the energy storage medium. Once the medium that will store and
provide the energy is determined, other aspects of this pulsed power system can

be developed.

First, the power rating specification for this pulsed power system will be
considered. Figure 1 shows the power rating versus discharge time for recently
installed energy storage systems. The red box on Figure 1 indicates the
approximate desired specifications of the desired pulsed power system. As can
be seen in this figure, several solutions are possible that provide the necessary
power levels such as using a flywheel or various types of batteries including lead-
acid, nickel-cadmium, lithium-ion (Li-ion), and nickel-metal hydride.

System Ratings

Installed systems as of November 2008

) @
10 Lt 7
=
£
=]
i 1
E
=
@
2 01
[
5 CAES Compressed air
@ EDLC Dbl-layer capacitors
(a] FW  Flywheels
0.01 UA  Lead-acid
LiHon Lithium-ien
Na-§  Sedium-sulfur
Ni-Cd Nickel-cadmium
0.001 Ni-MH Nickel-metal hydride
ESAt B S
- VR  Vanadium redox
o . selation In-Br Zinc-bromine
0.0001

0.001 0.01 01 1 10 100 1000 10,000

Rated Power (MW)

Figure 1. Power Ratings of Recently Installed Energy
Storage Systems. From [1].



Secondly, the energy storage specifications for this pulsed power system
will be considered. Figure 2 shows the energy storage ratings versus power for
recently installed energy storage systems. The red box on Figure 2 indicates the
desired energy storage specifications for the pulsed power system. The
following list explains the terminology used in this figure.

e Conventional: lead-acid, nickel-cadmium, and nickel-metal hydride
batteries.

Lithium: lithium ion batteries.

Flow: zinc-bromine and vanadium redox batteries
NAS: high-temperature sodium batteries

EDLC: Electric Double-Layer Capacitors

SMES: Superconducting Magnetic Energy Storage

As can be seen from Figure 2, several solutions are possible to meet the
energy storage requirements of this pulsed power system including EDLCs,
flywheels, and Li-ion batteries.

’ Minuies  # 1

Hours

100 MW

Power
1 MW

10 KW

10 KWh 1 MWh 100 MWh
Energy

Figure 2. Energy Ratings of Recently Installed Energy
Storage Systems. From [2].
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Since the pulse repetition requirement and the pulse period were used to
determine the total energy storage requirement, these can be added to the
requirements already analyzed for this pulsed power system. After this analysis
of four of the five pulse power system requirements, the number of possible
solutions has been limited to only a few. Only flywheels and Li-ion batteries meet
the first three system requirements. To determine which one of these solutions
best meets this system’s requirements, the last requirement, energy density, will
be analyzed.

Figure 3 shows the volume energy density and weight energy density of
current energy storage technologies. As previously discussed, only the volume
energy density is of interest in determining suitability for this pulse power system.
If the two candidate energy storage mediums are compared using Figure 3, Li-
ion batteries become the preferred solution for this pulsed power system. Li-ion
batteries provide a much higher energy density and therefore would occupy

significantly less space than an equivalently sized flywheel storage medium.

1000
Output Energy Density
g { Input Energy Density x Efficiency)
ey Metal-Air
= Batteries
g 300 -
-
ot
o
5 100
=
=
=
@ Ni-Cd
=
P B
=
= Batters
g E.C. Capaci
10 Fly Wheels vl gEechargeahle .
T |
10 100 300 1000
Volume Energy Density - kWh / m?

Figure 3. Output Energy Density of Current Energy Storage
Technologies. From [3].



With the energy storage medium chosen the next step in developing a

solution to this pulse power system is to determine the method of charging the Li-

ion batteries.

C. CHARGING METHODOLOGY

1.

Charging Limitations

While Li-ion batteries provide a high energy density and power rating

compared to other storage mediums, they do have limitations. In particular, here

are the issues:

The voltage in a Li-ion battery cell is usually low. Voltage ratings at full
capacity for modern high-power Li-ion batteries are in the range of 3.3
V to 4.2 V. Typically, pulse power applications require much higher
voltages which means stringing multiple Li-ion cells in series. The
strings of cells complicate the overall system architecture and
complicate the charging of Li-ion batteries [4].

Li-ion batteries are very sensitive to overcharging and overdischarging.
Specifically, overcharging with either too high a voltage or too high a
current could either ignite the overcharged battery cell or even cause
an explosion. Overdischarging a Li-ion cell through too much current
can again cause a fire or explosion while overdischarging a cell below
the manufacturers minimum discharge voltage can permanently
damage the cells internal chemistry. This damage will reduce the
capacity and lifetime of the affected cell [4], [5], [6].

Probably the most important limitation of Li-ion batteries is the strict
requirement of managing charge equalization in battery strings.
Partially resulting from the above listed Li-ion battery sensitivities and
partially due to varying levels of increasing internal resistance in cells
developed during repeated discharge and charge cycles, the voltage of

individual Li-ion batteries in strings must be independently monitored.
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For Li-ion batteries, it is not sufficient to monitor only the battery pack

or string voltages [4], [5].

2. Charging Methods and Architectures

Various methods exist to charge Li-ion batteries. All the methods must
take into account the sensitivities of these cells. Different methods include multi-
stage constant current charging, pulse charging, and constant current, constant
voltage (CCCV) charging. The first two listed methods reduce charging times for
Li-ion batteries but are typically complex strategies to implement. The last
charging method, CCCV, while taking longer to fully charge the battery, is simpler
to implement and more readily stays within manufacturer’s current and voltage
charging limitations [5], [6], [7], [8], [9]. Because of this method’s simplicity and
safety, it will be used as the charging algorithm for the proposed pulse power

system.

Before the CCCV charging technique can be discussed, important
manufacturer-provided characteristics of lithium-ion batteries must be introduced.
Each of these characteristics must be known to safely charge and discharge any

lithium-ion battery.

One important battery characteristic is capacity. This value is usually
given in A-hrs and is a rough energy-like measurement of the total energy
capacity of the battery. The true energy capacity for the battery is determined by
multiplying the capacity value by the non-linear discharge voltage that depends
upon the discharge current. The next battery characteristic is the maximum
continuous discharge current. As the name indicates, this value should not be
exceeded for continuous discharge of the battery. Damage could result if this
value is exceeded. Another characteristic of lithium-ion batteries is the current
rating during the constant current (CC) stage of the charge cycle. This value is
the maximum intended current level during continuous charging of the battery.
The next characteristic is voltage rating during the constant voltage (CV) stage of

the charge cycle. This value is the maximum continuous voltage level to

7



maintain during the charging of the battery. Another characteristic is the cutoff
charge current. This is the lowest level that the charge current should be allowed
to fall to during the constant voltage stage of charging. This is the traditional
indicator that the CCCV charging process is complete. A final lithium-ion
characteristic is the discharge cutoff voltage. This is the lowest level that the
battery voltage should be allowed to drop to during discharge. This voltage level
indicates that the entire capacity has been discharged and any further discharge
could permanently harm the internal chemistry of the battery. Table 3

summarizes these common lithium-ion battery characteristics [5], [7], [9].

Battery Characteristic (Units) Purpose

Capacity (A-hr) General energy-like measurement for
the energy stored in a battery.

Maximum Continuous This is the maximum continuous

Discharge Current (A) current that should be allowed during

the discharge of the battery.

CC Current Rating (A) Maximum continuous current during
the CC stage of charging.

CV Voltage Rating (V) Maximum constant voltage during the
CV stage of charging.

Charge Cutoff Current (A) Lowest current that the battery should
be allowed to reach during the CV
stage of charging. This characteristic
indicates the end of the CCCV
charging process.

Discharge Cutoff Voltage (V)  Lowest voltage that the battery should
be allowed to reach during the
discharge of the battery. This
characteristic indicates that the entire
capacity of the battery has been
expended and further discharge could
permanently damage the battery.

Table 3.  General Lithium-lon Battery Characteristics.



The CCCV charging method involves three different stages of battery
charging. The first stage, trickle charging (TC), uses a current of 10% of the
manufacturer’'s normal charging current to bring the cell up to the discharge
cutoff voltage. Reasons for the battery to be below this value are excessive
discharging of the battery or when first charging a new battery. The next stage of
CCCV charging is the constant current stage. During this stage, the battery is
charged at a constant current level until the battery reaches the CV voltage
rating. During this second stage, the battery typically attains around 70% of the
total capacity of the battery. The final stage of CCCV charging is the constant
voltage stage. During this stage, a constant voltage is applied until the charging
current falls to the charge cutoff current level. Even though less of the capacity
of the battery is attained during this last stage, this stage typically takes much
longer than the second stage due to less current flowing to the battery [5], [7], [8],

[9]

Figure 4 shows typical current, voltage, and capacity curves for a lithium-
ion battery during the CCCV charging process. For this figure, the charge
voltage for the CV stage is 4.2 V, the charge current for the CC stage is 1.3 A,
and the charge cutoff current is 0.10 A. Per the previous discussion, Figure 4
shows the majority of the capacity of the battery is gained during the CC stage of

charging.

_,——-"—.-—_-- ~ 1750 —

T
VOLTAGE < <
‘_‘rf—"/'/?;:ﬂﬂ.ﬂ.l'f 1500 E E
! 1250 § 2
: 0
g 1000 § £
750 @85
=1 500
250
25 L [i]
0.0 0.5 1.0 1.5 20 25

ChargeTime (h)

Figure 4. CCCV Charging Process. From [10].



Numerous different architectures are possible when charging lithium-ion
batteries. The primary requirement for and limitation on these architectures is
the requirement to equalize charge among battery cells in series strings. These
various architectures generally can be collected into four groups: parallel/taper
charging, series charging/cell shunting, resistive equalization, and transformer
equalization. All of these methods rely on using either resistive means to
dissipate energy from the highest charged batteries to equalize them with lower
charged batteries or using complex converters, switches, or
transformer/capacitive circuits to recycle the energy from the highest charged
battery to the lowest charged battery [5], [6], [11], [12].

To alleviate the complexities and/or the resistive losses of charge
equalization, a non-traditional architecture will be used in this proposed pulsed
power system design. This solution will use a transformer, rectifier, and a buck
converter as a charger for each battery. Charge equalization will be inherent in
this system as each individual charger will control the CCCV process for its
battery. The drawbacks of this system are the expense of having one charger
per battery and the space requirement to have one charger per battery. Both
drawbacks can be lessened with increasing the energy storage and power
ratings of the charged batteries. The drawbacks of this architecture lessen with

an increase in the battery’s capabilities.

Figure 5 shows a simple functional diagram of the charging portion of the
proposed pulsed power system design. As discussed, each battery will have an
individual charger. The proposed system will charge two parallel strings of two
batteries in series. This battery arrangement ensures that the complexities of
charging strings and then strings in parallel of lithium-ion batteries are
encountered and overcome in the design. A Field Programmable Gate Array
(FPGA) will use signals from each battery and charger to control the CCCV
charging process. This system will be discussed in significantly more detail in

the following chapter.
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X4 Systems

Figure 5. Functional Diagram of the Battery Management System.

D. THESIS GOALS

The first research goal was to survey the literature to determine which
currently available energy storage technologies were capable of meeting system
requirements. The second goal was to select one energy storage technology for
further development. The third goal was to design, build, and test a system for
charging, storing, and discharging energy, using the selected energy storage
technology.

E. THESIS STRUCTURE

e Chapter | introduces the pulsed power problem and proposes a

possible design to meet the identified requirements.

e Chapter Il discusses the theory of operation of the BMS and
reviews the Simulink® model developed for this system.
11
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e Chapter Il explores the construction, assembly, and testing of the
BMS.

e Chapter IV addresses the results and conclusions of the BMS
operation and recommends future research efforts related to the
BMS.

e Appendix A contains the operational safety procedures developed
to operate the BMS.

e Appendix B contains the Simulink® model and its associated
MATLAB® code.

F. CHAPTER SUMMARY

Many different requirements can be used to determine the appropriate
energy storage medium and charging methods for pulse power applications.
Five of these possible requirements have been reviewed and used to develop a
design for this pulse power application. These requirements directly led to the
choice of lithium-ion batteries as the storage medium while simplicity and
controllability led to the choice of the one-charger-per-battery solution for the
charging architecture and the use of the CCCV charging process. The next
chapter will review the theory of operation for this BMS and will discuss its

associated Simulink® model.
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.  THEORY OF OPERATION AND MODEL

A. INTRODUCTION

This chapter will discuss the theory of operation of the BMS and will
review the model developed for the charging function of the BMS. The theory of
operation discussion will detail the operation of the individual components of the
BMS, their interaction with other components, and the signals used for controlling
the charging and discharging processes in the BMS. The discussion of the
model will focus on the model developed for the controller, buck converter, and
the battery.

B. THEORY OF OPERATION
1. Overview

The BMS is intended as a small-scale solution to the requirements
identified in Chapter I. In order to fulfill these requirements, the BMS performs
three functions: charging lithium-ion batteries, storing energy for the pulsed
power application in lithium-ion batteries, and discharging the energy in pulses to
simulate the requirements of a pulse power system. To perform these three
functions the BMS has several elements to include the power source, the
charger, the batteries, and FPGA controller, and the discharge mechanism.
These elements have been collected into three components for the purpose of
this design. These components, as shown in Figure 6, are the power source and
discharge component, the charger, and the FPGA controller. These individual

components will be discussed in the following paragraphs.
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Figure 6. Battery Management System Components.

2. BMS Components
a. Charger Component

The charger component’s primary function, as the name implies, is
to charge the lithium-ion batteries. To accomplish this goal, the charger contains
several pieces to include the smoothing capacitor, the buck converter, the on-
board power supply, and the pieces necessary to route the signals from the buck
converter to the FPGA. Together, these parts provide the BMS with the charging
capabilities as listed in Table 4. These pieces will be discussed in detail in the

following paragraphs.
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Maximum Charging Voltage Maximum Charging Current
45V 10A

Table 4. BMS Charging Capabilities.

Buck Converter. This converter topology was chosen due to its

relative simplicity of design, broad range of voltage and current capabilities, and
its exceptional efficiency. The drawbacks to a buck converter include its larger

size and higher noise production than other types of converters [13], [14], [15].

The buck converter, as shown in Figure 7, includes a power
MOSFET switch, a free-wheeling diode, an LC filter made up of the 66 uH
inductor and the 100 uH capacitor, and a 2 kQ resistor. This converter is a type
of switch-mode DC power supply that converts unregulated DC input into a
controlled DC output at a desired voltage level [16]. The buck converter’s design
is such that it produces lower voltage output to the load that it receives as an
input to the switch. It steps-down or bucks the input voltage. This reduction of
the average voltage level is accomplished by turning the power MOSFET on and

off at a frequency and duty cycle to produce the desired, regulated output.
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Figure 7. Charger Component of the BMS.

Although varying both the frequency and duty cycle can be used to
produce regulated voltage or current levels, the buck converter for this pulsed
power system solution will switch at a constant frequency of 30 kHz. Since the
switching frequency will be constant, the duty cycle, as defined by equation (2.1),

will be used to produce the desired output levels. In equation (2.1), t,, is the

time that the switch remains on and T is the switching period. This method of
varying the regulated voltage or current levels was chosen for the simplicity of
control and for the ease of determining appropriate inductor and capacitor values
for the converter LC filter [13], [16]. The actual control methodology for this buck

converter will be discussed in the model portion of this chapter.

Duty Cycle (D) :t_‘;—“ (2.2)

Buck converters can operate in both continuous and discontinuous
conduction modes depending upon the consistency of the flow of current through

the converter inductor. A constant flow of current is continuous conduction while
16



any regular stoppage in current flow during the switching periods is considered
discontinuous conduction [13], [16]. In order to apply the CCCV charging
process, both continuous and discontinuous conduction modes will be used in
this converter. At higher duty cycle values the converter will operate in
continuous conduction mode while the converter will enter discontinuous

conduction when at lower duty cycle operation.

In order to provide general equations for the operation of this buck
converter, several assumptions must be made. First, the switch will be
considered ideal when in the “on” position. No power will be dissipated by this
device. Second, the diode will be considered ideal when it is forward biased. No
voltage drop will be considered for this device. Finally, the load for the converter
will be represented with a 9.7 uH inductor and a voltage source representing the
battery. The reason for the inclusion of the 9.7 uH inductor as part of the
converter load will be discussed in the next chapter. While these assumptions
mean that the following equations will not perfectly describe the designed
system, they are necessary to produce generalized equations for this converter.
With these assumptions, the converter circuit can be represented by a simplified

circuit as seen in Figure 8.

L1=66 uH L2=8.7 uH

Vibuck C=100 J‘ R=2 k(2 Whatt

Figure 8. Simplified Converter Circuit.

The first general equation for this simplified buck converter circuit is

equation (2.2). In equation (2.2) V, is the voltage provided to the converter load

and V,, is the voltage provided to the converter switch. This equation shows a
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simple, linear relationship between the average input voltage and the average
output voltage. To control the level of the output, only the duty cycle (D) needs
be varied. This simple, linear relationship exists because the inductors have no

average voltage loss during steady state operation [16], [17], [18].

V. =DV, (2.2)

in

The next general equations for the buck converter are listed as
equations (2.3), (2.4), (2.6), and (2.7). These equations are the transfer
functions and associated state space representations for both of the voltage

sources, V,, and V., to the output of the converter, V.. Since these two

att ?
voltage sources are linearly independent, the total output of the converter would
be found by combining the results of the two voltage sources. Since the
simplified circuit of the converter contains three energy storage elements, the
transfer function is third order or similarly the state space representation has

three state variables as listed in equation (2.5).

Ve _ SRL, 2.3
Voo SRLLC +s2LL, +s(RL, + RL,)
Ve _ SR, (2.4)
V... SRLLC+s?LL, +s(RL +RL,)

. IL1

=1, (2.5)
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In order to filter the 30 kHz switching frequency from the output of
the converter and thereby provide less ripple in the converter output, the
converter contains an LC filter. The corner frequency of this filter was chosen to
be at least one order of magnitude less than the switching frequency. This
corner frequency, as calculated with equation (2.8), was 1.96 kHz [16], [19]. This
method of calculating the corner frequency provides another general equation to

describe this buck converter.

1

f
° 2z+LC

(2.8)

The final general equations used to describe the functioning of the
converter are approximations for the current and voltage ripple of the converter
output. Equations (2.9) and (2.10) were produced through a geometric argument
using the current waveform through inductor and the output voltage waveform as
detailed in [16]. The two requirements to use these approximations are a
constant average voltage being applied to the output and for the converter to be

in continuous conduction mode. These requirements therefore cause equations
19



(2.9) and (2.10) to apply to this converter during only part of its operations. Using
an average output voltage of 3.5 V, a duty cycle of 35%, and a switching
frequency of 30 kHz produced expected peak-to-peak voltage and current ripples
of 47.9 mV and 1.15 A. When charging at 3.5 V, this ripple is approximately
1.4% of this voltage. If charging at the maximum charge current of 10 A, this

ripple would be approximately 12% of this current.

av, =L 1AL T, 2.9)
C2 2 2
V.

Al :EO(l— D)T. (2.10)

Besides the power MOSFET and the LC filter, as discussed in the
above general converter equations, the converter also contains other
components. These include the freewheeling diode and the bleed resistor. The
freewheeling diode provides a current path for the converter inductor, L1, as
seen in Figure 9, when the switch opens. Without this current path, the voltage
would quickly build up on the inductor with the rapid fall of the current [14], [18].
This large reverse voltage would likely damage the power MOSFET switch. The
bleed resistor is meant to help dissipate any residual energy stored in the circuit
upon completion of operation of the converter. The high value of resistance and
low charging voltages ensures that little current is lost from the converter to the
battery during charging operations.

Smoothing Capacitor. The smoothing capacitor, shown on the left

side of Figure 9 as the 6.6 mF capacitor, smoothes the unregulated power
provided by the power source and discharge component to the converter. This
large capacitor ensures that very low ripple DC power is provided to the
converter [13], [16], [17].
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On-board Power Supply. Three devices in the charger component

require a power from the converter in order to perform their function. These
devices are the driver for the MOSFET switch, the voltage to frequency converter
in the voltage measurement signal, and the trigger or switching signal
optocoupler. These devices are all powered by the linear regulator seen in
Figure 9. This linear regulator provides a stable 5 V to the charger devices while
drawing its own power directly from the output of the transformer on the power
source and discharge component. The 2 kQ resistor in the linear regulator
circuit ensures that the linear regulator always has a load and associated

minimum current draw that is required for its proper operation [20].

5V Linear Reqgulator
+5 Volts to MOSFET

+10 Volts DC from driver
Transformer Linear +5 Volts to Voltage to

Regulator Frequency Converter
= 1uF +5 Volts to the Trigger
- T uF Signal Optocoupler

ul

Figure 9. Charger Internal Power Source.

Trigger or Switching Signal. The trigger signal is brought to the

charger via a BNC connector. This signal, as seen in Figure 10, first is
galvanically isolated with an optocoupler and then routed to the MOSFET driver.
This driver then closes the MOSFET switch as indicated by the trigger signal.
This signal provides the control mechanism to change the duty cycle of the
converter thereby changing the level of voltage or current produced by the

converter.
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Figure 10. Trigger Signal.

Voltage Measurement. The voltage measurement for each charger

is taken across the 100 uF capacitor that is part of the filter of the converter. This
voltage measurement, as seen in Figure 11, is first converted to a frequency
value per equation (2.11) by a voltage to frequency converter and then sent to an
optocoupler [21]. This measurement leaves the voltage to frequency converter
as a square wave. As in the trigger signal, the optocoupler provides this signal

with galvanic isolation. The signal then leaves the charger via a 3 pin header

connector.
Voltage Voltage Measurement +5 Volts from Linear
Measurement Regulator

Galvaiig Isolation
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Voltage measurement to
0.1uF the FPGA
s
b1

1kQ
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a

200Q

JapeaH
uid €
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Figure 11. Voltage Measurement Signal.

Vo R, 1 (2.11)

f= —
“' 2,09V R RC,
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The values of the variables in equation (2.11), as taken from Figure
11, are seen in the following list.

e V. isthe measurement voltage into the voltage to frequency converter.
R. is the combination of the 12 kQ resistor and the 5 kQ potentiometer.

S

The value for this device as set on charger #1 is 770 Q.
R, is the 100 kQ resistor that is in parallel with the 1 uF capacitor.

R, is the 6.8 kQ resistor.
C, is the 0.01 uF capacitor.

Current Measurement. The current measurement is the current

value through the inductor of the converter. This measurement is taken using a
Hall Effect sensor that also provides inherent galvanic isolation for this signal.
Due to the low voltage returned by the Hall Effect sensor at the expected range
of charge currents as determined by equation (2.12) [22], the signal is then
buffered and amplified with a non-inverting OPAMP. This OPAMP circuit has a
gain of 1.7, which is the maximum value that could be used to not exceed the

input saturation voltage of this circuit. The current measurement signal is shown

in Figure 12.
GalvanigIsolation
+5 Volts from FPGA
Current Measurement +5 Volts from FPGA Current Measurement to 8
1, s bit AD Converter and then
s T, to the FPGA
Current = Hall Effect =— .
Measurement s Sensor |~ 1 gI; @
. e 10kQ E
Pin Assignment:
al: NC b1: Vs I
a2: lin b2: GND ——470F 47 nF 10kQ 7kQ
a3: lout  b3: Vout T 11 nF
a4: NC b4 Vref ‘ o FL }7
1 u

Figure 12. Current Measurement Signal.

V., =25+0,626 mess (2.12)
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Beyond just amplifying and buffering the current measurement, the
capacitor used in the feedback path of the OPAMP circuit also serves to filter this
signal. The value of the capacitor, 11 nF, was chosen by using equations (2.13)
and (2.14) in order to create a corner frequency of 2 kHz [23]. This filter removes
most of the switching frequency ripple at 30 kHz and other high frequency noise

from this current measurement.

1
Rill RR
H(s)=1+ Sbo—14 ! (2.13)
R, SCR, +1
f = L (2.14)
27CR,

Galvanic Isolation. Each of the signals to and from the charger has

been shown to have galvanic isolation built into the signal circuit. Galvanic
isolation in the BMS prevents current from flowing to different components or
from and to different chargers that have different ground voltage levels [24]. This
isolation is particularly important due to the different ground voltage levels across
the chargers of the batteries in series and between the grounds of the other

components of the system and the four chargers in the system.

Charger _Component Summary. All the parts of the charger

component to include the smoothing capacitor, converter, bleed resistor, internal
power source, trigger signal, voltage measurement, and the current
measurement have been discussed above. It is important to remember that each
of these parts is repeated for each of the batteries being charged. For the
designed system, four charger components are part of the BMS because four
batteries are being charged. The next component of the system, the power

source and discharge component, will be next discussed.

b. Power Source and Discharge Component

While the charger’s primary function is to charge the batteries, the

power source and discharge component provides unregulated power to the
24



charger component, provides the energy storage medium for the system, and
provides a discharge mechanism for the system. The parts of this component
include the power source, the energy storage parts, the discharge parts, and the
temperature measurement signal. This component of the BMS is shown in
Figure 13. These parts are next discussed.

w4 x4 4

=4

gj L_‘f- A % DaE:ar?dr:nl
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ensor {xd) ' ¥
@ -
120%, B0 Hz |

Figure 13. Power Source and Discharge Component.

Power Source. The power source for the BMS is provided by a

standard wall plug with 120 V, 60 Hz single-phase power. This power is provided
directly to a double-throw, normally closed emergency stop switch. If opened,
this switch would stop all power from entering the charging system. Two current
limiters follow the emergency stop switch. These devices limit the initial surge
current when the charger is first energized. As the flowing current causes these
devices to warm-up, their resistance drops dramatically thereby limiting their
detrimental effect on the power source voltage [25]. From the current limiters,
the power flows into the transformers. Each charging component has one
transformer on the power source and discharge component. For this design, four
transformers take this 120 V AC power and transform it into 10 V AC power at a

maximum current of 10 A [26]. This unregulated AC power is then provided to
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the diode rectifier. These rectifiers, again one per charging component, then
provides the unregulated DC power to the smoothing capacitor on the charging

component.

Energy Storage. The energy storage mechanism on this

component includes the batteries and the diodes on each of the series strings of
batteries. The batteries are the storage medium for this pulse power system.
The diodes on each of the battery serial strings ensures that an imbalance in
voltage across different battery strings does not result in currents flowing from
one string into the other.

Energy Discharge. The energy discharge parts of this component

include the switches for initiating the discharge, the freewheeling diode, and the
load resistors. The switches are high power MOSFET relays, connected in
parallel, in order to handle a higher total current than each relay could individual
handle. These relays are closed via a signal sent from the FPGA controller
component. The freewheeling diode ensures that inductive energy built up in the
wires of the discharge wiring can be safely expended in the load resistors while
minimizing the reverse voltage across the relays. The load resistors are high
power resistors meant to dissipate energy from the batteries as heat during

discharge.

Temperature Measurement. The temperature measurement for

each battery is taken on the outside skin in the middle of each battery. This
measurement, as seen in Figure 14, is sent as a voltage value to a non-inverting
OPAMP circuit. The relationship between measured temperature and the
voltage value is 10mV /°C [27]. This OPAMP circuit buffers and amplifies, with a
gain of 6, this voltage level. This signal is then sent via a 3 pin header back to
the FPGA controller. Like the current measurement signal, this OPAMP circuit
also filters the temperature measurement signal. Since the temperature
measurement was expected to vary slowly in time, the corner frequency, as

calculated with equation (2.14), was set for 30 Hz. This filter ensures that high
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frequency noise is filtered out of the measurement. For this signal, the

temperature sensor itself provides the galvanic isolation.

Temperature Measurement
+5 Volts from FPGA

Temperature
Measurement to 8 bit AD
Converter and then to the

FPGA
ﬂ
10kQ 23
.
50 kQ
0.1uF

10 kQ

0.1uF

——

Figure 14. Temperature Measurement Signal.

C. FPGA Controller Component

The FPGA controller component including the software and
hardware was created by Professor Alexander Julian at the Naval Postgraduate
School. In general, it performs two functions for the pulse power system. These
functions are to process the received signals sent to the controller and then to

provide current and voltage control for the charger.

The signal processing conducted on the voltage measurement
signal is to count the pulses, over a set period, of the square wave produced by
the voltage to frequency converter. The signal processing for the current and
temperature measurement is to convert these analog signals into 8-bit digital

signals.
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Although the control methodology used by the FPGA controller
component will largely be discussed in the next section, the process of using a
constant frequency to switch the converter MOSFET will be discussed here. This
process, known as Pulse Width Modulation (PWM), is shown in Figure 15. This
process uses a reference signal, shown as green in Figure 15, to compare to a
constant frequency saw tooth waveform, shown as blue. When the reference
signal is of a higher value than the saw tooth waveform, the FPGA controller
would send out a “high” or “on” signal to the converter MOSFET switch. When
the reference signal is of a lower value than the saw tooth waveform, the FPGA
controller would send out a “low” or “off” signal to the converter MOSFET switch.
The resulting signal from the constant comparison of the reference signal to the
saw tooth waveform is shown as red in Figure 15. As can been seen in the
figure, the PWM signal is a square wave signal of varying duty cycle that
operates at the same frequency as that of the saw tooth waveform. Unless the
reference signal were to exceed the maximum value of the saw tooth waveform
or drop to zero, the PWM signal will continue operating at this same frequency
[15], [16], [28].
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Figure 15. Pulse Width Modulation. From [28].
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d. BMS Components Summary

The three components of the BMS system, the charger component,
the power source and discharge component, and the FPGA controller component
have been reviewed in the above section. Together, these components allow the
BMS to perform its required functions: charging lithium-ion batteries, storing
energy for the pulsed power application in lithium-ion batteries, and discharging
the energy in pulses. The next section of this chapter will complete the
discussion of the theory of operation of the BMS by using models of the BMS to

demonstrate the charger control methodology.

C. BMS CHARGING MODEL

1. Overview

The BMS charging model is a combination of the models representing the
buck converter, the controller, and the battery. Physically, the buck converter
model represents the charger component, the controller model represents the
FPGA controller component, and the battery model represents the energy
storage part of the power source and discharge component. As such, the BMS
model only simulates the CCCV charging process of the BMS. It does not
simulate the pulse discharge of the batteries. The buck converter and controller
models will be reviewed in the next section while the battery model will be briefly
discussed. The entire BMS charging model and the associated MATLAB® code

is shown in Appendix B.

2. Buck Converter and Battery Models

The buck converter and the battery models are shown in Figure 16. The
upper blue portion of this figure is the buck converter model. The lower orange
section of this figure is the battery model.
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The buck converter model simulates the two, first order differential
equations necessary to describe a buck converter. These equations represent
the current through the inductor of the converter and the voltage across the
capacitor of the converter. These equations are not the more complicated
equations seen as Equations (2.6) and (2.7) because the simulation represents
the load as a full battery model instead of just a voltage source and inductance.
The input to this buck converter in this simulation is a simple constant voltage,
which represents the near constant voltage supplies to the charger by the
smoothing capacitor, multiplied by the switching signal that is supplied by the
controller model. As such, this converter model does not simulate the ripples in

the current and voltage caused by the switching of the converter MOSFET.
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Figure 16. Buck Converter and Battery Models.

An electrical model was chose as the load for the simulated buck
converter. This model, presented in [29] and [30], uses various combinations of
non-linear, equation-based resistors, capacitors, and inductors to model the
charging of a commonly available commercial lithium-ion battery. The relevant
charging specifications for this battery are listed in Table 5. During the operation
of the model, lookup tables are used as the varying values for the electrical

elements.
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Battery Characteristic Value

Capacity 850 mAh
CC Current Rating 0.80 A
CV Voltage Rating 4.10 V
Charge Cutoff Current (A) 10.0 mA

Table 5. Battery Characteristics for the Battery Model.

3. Controller Model

The model of the controller is shown in Figure 17. This model closes the
inner current control loop and the outer voltage control loop. For the voltage
control loop, this process is completed by subtracting the measured voltage at
the converter capacitor from the CV voltage rating and then sending this value
through a proportional-integral (PI) controller to create a reference current. For
the current control loop, this process is completed by subtracting the measured
current through the converter inductor from the reference current and then
sending this value through another PI controller. The closing of the current
control loop creates the duty cycle value that is sent to the MOSFET switch in the
physical charger or to the multiplication block in the converter model. Saturation
blocks are used at the output of each PI controller to ensure that the resulting
values from these controllers are within suitable ranges. For the voltage PI
controller, this range is from zero to the CC current rating. This saturation block
ensures that the reference current never exceeds the CC current rating. For the
current Pl controller, this range is from zero to one. This ensures that the duty
cycle is not less than 0% nor larger than 100%. A further limitation placed on the
PI controllers is that each integrator is also given a saturation value. This value

is the CC current rating for the voltage PI controller and one for the current PI
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controller. These saturation values ensure that the integrators can quickly
unwind from their summed values as the input values to the PI controllers grow

smaller.
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Figure 17. Controller Model.

4. Model Results

The model results were obtained with the PI controller gains as listed in
Table 6. These gains are higher than would be necessary for the physical
system but were necessary for the short duration of the simulations. These high
gains ensured that the steady state current and voltage values of the converter

were reached quickly enough to see during the short simulations.

Each simulation run produces voltage and current versus the state of
charge of the battery waveforms. Only the last 50% of data from both the current
and voltage waveforms were kept from each simulation run. This is another

measure to ensure only the steady state values of each simulation are observed.

The model results were produced by running the simulation repeated at
approximately every 2% battery state of charge as the initial starting condition.

These individual simulation results were then combined and plotted as the result.
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Controller Gain Description
Current Proportional Gain
Current Integral Gain
Voltage Proportional Gain

Voltage Integral Gain

Table 6. Pl Controllers’ Gains.

The results of a typical charging profile is seen in Figure 18.

Gain Values

15

1.9

1.4

The results

show the current and voltage charge curves from approximately 5% battery state

of charge to 100% battery state of charge. Figure 19 shows a closer view of the

transition from the CC to the CV stages of charging. As can be seen, the battery

stays in the CC stage up to approximately 92%. As seen from the data strips,

the CC charge stage produces the desired 0.80 A charging current. Also during

this time, the voltage is slowing increasing up to the limiting value of the CV

voltage rating. At approximately 92%, the stages change from CC to CV. At this

point, the CV voltage rating of 4.1 V is reached and then maintained. At the

same time, the current begins to drop as the voltage level is maintained. Figures
18 and 19 show that this model of the BMS is correctly executing the CCCV

charging process.
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Figure 18. Typical Charge Profile.
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Figure 19. Transition Point from CC to CV Stages.
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D. CHAPTER SUMMARY

This chapter has reviewed the functions that the BMS must perform to
accomplish the requirements of a pulsed power system. It has also explained
the components and parts of the BMS that allow it to perform these functions.
Finally, the theory of operation of the BMS has been discussed through the
explanation of its functions and through the explanation of the BMS charging

model. The next chapter will review the process of building the actual BMS.
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.  CONSTRUCTION AND TESTING OF THE BMS

A. OVERVIEW

The previous chapter dealt with the design and theory of operation of the
BMS. This following chapter will review the process of turning this design into a
physical system. The steps taken to complete this construction and assembly
process are shown in the following list. These steps will be discussed under the

three topics of hardware, software, and testing.
e Construction of the safety features.
e Design and construction of the charger PCB.
e Design and construction of the FPGA controller software and PCB.
e Assembly of the physical BMS.
e Testing of the charger PCB and BMS charging and discharging
capabilities.

Before discussing the creation of the BMS, the system capabilities will be
reviewed. The BMS capabilities can be explained by only a few characteristics
including its maximum charging current, its maximum charging voltage, and its
maximum discharge current. While other characteristics could be listed to help
understand the capabilities of this pulsed power system, these three items are
the most important to understand the capabilities and limitations of the BMS.
These capabilities and the features limiting them are listed in Table 7 [21], [31],
[32], [33].
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Capability Description Value Limiting Feature
Maximum Charging Current 10 A Converter MOSFET Switch

Maximum Charging Voltage 45V Saturation of the OPAMP
Amplifier for the Current

Measurement Signal and
Saturation of the Voltage to

Frequency Converter

Maximum Discharge 240 A Discharge Switch

Current

Table 7. BMS Capabilities and Limiting Features.

B. HARDWARE
1. Safety Features

Several safety features were built into the design of the BMS. The first
safety feature is an emergency stop switch, seen as the red button in the bottom
left corner of Figure 20, stops the flow of energy to the charger system. The next
safety feature is the Plexiglas enclosure, also seen in the same figure,
surrounding the entire BMS. This enclosure includes a fan that vents the air from
the BMS to the outside of the building. This feature was necessary in order to
vent fumes in the case of a lithium-ion battery rupture or explosion. Appendix A
lists the safe operating procedures for the BMS and covers the use of these

safety features in more detalil.
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Figure 20. BMS Safety Features.

2. Charger Component PCB

The construction of the charger component PCB began with the creation
of the PCB schematic and layout. These electronic documents were then used
by a commercial vendor to produce the PCB. This PCB, without attached parts,
is seen in Figure 21. The red line divides the PCB into two sections: the signals
section, below the red line and the charger section, above the red line.
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Figure 21. Blank Charge Component PCB.

The signals section, which is only filled with parts on one of the charger
component PCBs, collects and routes all of the measurement signals from all of
the batteries and charger components to the single FPGA controller board. In
addition, the signals section contains all of the OPAMP circuits that buffer,
amplify, and filter the current and temperature signals from all four chargers.
Further, the signals section contains a USB port that routes signals from the
FPGA controller board to the computer. Additionally, the signals section routes
the discharge signal from the FPGA controller to the discharge switches on the
power source and discharge component. Finally, the signals section routes 5 V
power to several components on the charger component PCB. The signals
section performs this signal routing function from the one charger component
PCB to the FPGA board via two 16-pin header and one 24-pin connectors.
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The pin layouts for these header connectors are listed in Table 8. Figure

21 shows the locations of the major parts of the signals section. The following

list is a summary of the functions performed by the signals section of the charger

component PCB.

Collects and routes all of the voltage measurement signals from the

four chargers to the FPGA controller board.

Collects, amplifies, and routes all of the current measurement

signals from the four chargers to the FPGA controller board.

Collects, amplifies, and routes all of the temperature measurement
signals from the temperature sensors on the four batteries to the
FPGA controller board.

Routes the USB signals from the FPGA controller to the computer.

Provides a 5 V power source to components on the charger
component PCB to include the voltage measurement signal

optocoupler, the Hall Effect sensor, and the temperature sensor.
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Pin #  Signals Type on each Connector

J J2 J1
1 GND Vi USB pin 1
2 GND GND GND
3 11 V2 USB pin 2
4 GND GND GND
5 12 V3 USB pin 3
6 GND GND GND
7 13 va USB pin 5
8 GND GND GND
9 14 NC USB pin 8
10 GND GND GND
11 T1 NC USB pin 10
12 GND GND GND
13 T2 USB pin 22 USB pin 12
14 GND GND GND
15 T3 USB pin 23 USB pin 18
16 GND GND GND
17 T4
18 GND
19 NC
20 GND
21 NC
22 GND
23 5V
24 GND

Legend

V#: Voltage Measurement from Charger #
I#: Current Measurement from Charger #
T#: Temperature Measurement from Battery #

USB pin #: Signal to a Pin on the USB Port

Table 8.  Pin Assignments for the 16-pin and 24-pin Header Connectors.

The charger section is for mounting all of the parts of the buck converter
as well as the parts necessary for the voltage measurement signal and the

current measurement signal up to the point before it is amplified.
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The one charger component PCB with both the charger section and the
signals section filled with parts is shown in Figure 22. Major parts are labeled in
this figure. For comparison, a charger component PCB without the signal section

parts attached, is shown in Figure 23.

Converter MOSFET
Freewheeling Diode Switch

Current Sensor

Converter
Capacitor

Smoothing
Capacitors

Buck Converter
Output

Unregulated Power
Input

Bleed Resistor

Voltage to
Frequency Converter
Converter Inductor
OPAMP
Circuits

<—— USBPortto
Pl 1 the computer

ol vk

Header Pin
Connectors to
The FPGA

Figure 22. Charger Component PCB with the Charger and Signals Section
Completed.
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Figure 23. Charger Component PCB with only the Charge Section Completed.

Each of the charger component PCBs was created with several test points
in order to aid in troubleshooting problems with the board. These test points and
the signals they are sampling are shown in Table 9.
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Test Point # Signal Measured

1 Voltage into the MOSFET Switch

2 Voltage Provided by the Linear Regulator

3 Ground of the Buck Converter (At the Linear Regulator)
4 Output of the Current Sensor before Amplification

5 Ground of the Buck Convert (At the Bleed Resistor)

6 Switching Signal into the MOSFET Driver

7 Voltage out of the Voltage to Frequency Converter

8 Voltage after the MOSFET Switch

9 MOSFET Driver Bootstrap Voltage

Table 9. Charger Component PCB Test Points.

3. FPGA Controller Hardware

The hardware for the FPGA controller was designed by Professor
Alexander Julian at the Naval Postgraduate School. This hardware includes the
FPGA board, an adapter board, and a power supply. This hardware can be seen

in Figure 26.

4. BMS Assembly

With four charger component PCBs and the FPGA controller component
assembled, the remainder of the BMS can be constructed. The only component
of the BMS yet to be discussed is the power source and discharge component.
The parts of this last component, as well as the other components, were
assembled onto a single piece of Phenolic. The completed BMS with important

parts labeled is shown in Figure 24.
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Resistors Freewheeling Diode Discharge Switches Battery Diodes 60 Hz
(0.10Q (threein parallel) Transformers
each)

Diode
Rectifiers

Battery

Clamps
Exhaust

Fan

Current
Limiters

Charger
Components
with

Cooling

Power Source Fans

(120 VAC)

Emergency
Stop Switch

_—
FPGA Controller Component with Power Supply

Figure 24. Assembled BMS.

Two other aspects of the BMS construction are worth discussing. The first
aspect is thermal management. Several parts of the BMS had the potential to
become very hot during operation. These include the converter MOSFET switch,
the diode rectifiers, the discharge MOSFET switch, the diodes in series with the
batteries, and the freewheeling diode in the discharge path. To cool the
converter MOSFET switches, 80 mm, 12 V fans were installed on each of the
charger component PCBs. These were operational whenever the charger was
operational. To cool the other parts mentioned, each was attached to a heat sink
with a thermal compound used to seal the connection. The thermal management
measures can be seen in Figure 24. The second consideration was the inductive
energy stored in the discharge path. Even with the freewheeling diode, the

potential of damaging the discharge switches with high reverse voltages was
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significant. In order to reduce the inductance in this discharge path, all of the
wiring connecting the discharge switches to the freewheeling diodes and to the
resistors was minimized. Although difficult to see in Figure 24, these
components were placed as close as possible to each other to minimize the

wiring between them.

C. SOFTWARE

The software that controls the CCCV charging process in the FPGA was
designed by Professor Alexander Julian at the Naval Postgraduate School. It is
similar in execution but more robust in capabilities than the controller model

explained in Chapter II.

D. TEST PLAN
1. Introduction

Upon completion of the BMS construction, a test plan was followed to
confirm the correct functioning of the BMS. The test plan ensured that the BMS
could perform its intended functions and that the data received as measurements
from the system provided relevant information. The following test plan is

discussed next.

2. Test Procedures

Most of the following procedures were accomplished during the testing of
the charger component PCBs and the overall BMS. If an unexpected result or an
otherwise failed test occurred, troubleshooting began until the problem had been
satisfactorily explained or the problem resolved.

e Test the emergency stop switch to ensure no power was passed to the BMS
when the switch is opened.

e Test the switches on the buck converters to ensure they did not pass power
through when in an open position.

e Test the discharge switches to ensure they did not pass power through in an

open position.
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Take measurements at each of the test points on the chargers to ensure
measured values were as expected.

Sample the current, voltage, and temperature measurements returned by the
BMS to ensure they were as expected.

Test the BMS on one battery at a low charge and discharge current. Ensure
the BMS performed as expected.

Test the BMS on multiple batteries in series. Ensure the BMS performed as
expected.

Test the BMS on multiple batteries in series strings that are in parallel.
Ensure the BMS performed as expected.

3. Results of the Test Procedures

The following problems were noted and corrected during the testing

procedures.

a. Charger Component PCB

Several changes were required to the charger component PCB due

to design flaws in the circuit layout and to improve the quality of signals received

from this board. The changes are shown in the following list.

A 1.5 kQ resistor connected the 5 V source of the FPGA to the Vcc terminal
of the voltage measurement optocoupler on the designed PCB. Both the
connection points and the value of the resistor were modified. The correct
value of this resistor was 200 Q and should have been connected from the
Vout terminal of the optocoupler to the 3 pin header. To correct this design
error, the 200 Q resistor was not mounted in the through-holes designed for
this part, but was instead directly soldered from the Vout terminal of the

optocoupler to the 3 pin header.

Significant copper was left on the PCB for the primary path of the charging
current in order to reduce the current density and therefore heat generation in

this current path. This concept was correctly applied to the PCB in the
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necessary areas except from the anode of the converter freewheeling diode
to the converter ground path. This path was mistakenly not increased in
width to account for the return path of the charging current. To correct this
error, a wire was soldered from the anode of the diode to the ground pin of

the charge current output terminal.

The reset pin of the MOSFET driver was connected to the input pin of the
driver in the PCB design. The correct connection is to connect the reset pin
to the output of the optocoupler. This change sends the switching signal
through the reset pin. To accomplish this correction, the surface connection
between reset pin and the input pin was cut and then a wire was soldered
between the output of the optocoupler providing the switching signal and the
reset pin of the MOSFET driver. In addition, the input pin of the driver was
initially connected to the output pin of the optocoupler. It was carrying the
switching signal in the original, incorrect PCB design. To correct this error,
the surface wire connecting the optocoupler and the input pin were cut and a
wire was soldered from the input pin to ground. The reason the reset pin was
used as the switching pin for the driver was due to the active low input logic of

this driver for the input pin.

The resistor that connected the 5 V linear regulator source to the input or
anode of the voltage measurement optocoupler was designed to be 10 kQ in
order to limit the current into optocoupler. Unfortunately, this resistance did
not allow enough current into the optocoupler in order to operate this device.
Instead, a 2 kQ resistor was inserted in place of the original resistor.

When the current measurement signal from the charger component PCB to
the FPGA was initially tested, the signal revealed significant high frequency
ripple. In order to reduce this problem, and per the earlier discussion about
the filter capabilities of the OPAMP circuits, a capacitor with a value of 80 nF

was added in parallel with the feedback resistor to provide a cutoff frequency
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of 2 kHz. This additional capacitor significantly decreased the high frequency
ripple of the current measurement but was not part of the original OPAMP

circuit design.

Initially, the voltage to frequency converter was not functioning beyond input
voltages over approximately 3.8 V. Since the Vcc value for this device was 5
V, this shut down was determined to be the saturation of the comparator
portion of the voltage to frequency converter [21]. To correct this problem, a
voltage divider network was added to the input to the voltage to frequency

. 3 . . .
converter to lower the input voltage to 2 of the original value. This ratio

ensured that the maximum charging voltage of 4.5 V was seen as
approximately 3.4 V by the voltage to frequency converter. This lowered

voltage level prevented the comparator from saturating.

The resistor on the switching signal input from the FPGA was intended to limit
the current input to the optocoupler on this signal from a 5 V signal. Instead,
the input signal was actually provided at 15 V. To correct this error, the input
resistor was increased from 1 kQ to 4.5 kQ.

When the voltage measurement out of the voltage to frequency converter was
initially tested, it contained too much noise to be useful. To reduce this noise,
the capacitor from the input of the voltage to frequency converter to ground

was increased from 0.1 ¢F to 1 xF. This increase still kept this capacitor
within the recommended range of this device as recommended in [21].

The linear regulator requires a minimum load to produce at least 1 mA of
current in order for the regulator to correctly provide a constant 5 V. As an

operational precaution to ensure that this load condition always exists, a 2

kQ load was added to the voltage output pin to ground of the regulator.
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b. Power Supply and Discharge Component

Only one change was required on the power supply and discharge
component. Initial charge testing of batteries revealed the existence of a large
ripple at the switching frequency, 30 kHz, in the charge current. This ripple, seen
in Figure 25, is approximately 4.5 A peak-to-peak while in the CC stage of
charging at 1 A. This value is far too high and would have resulted in
unnecessary heat buildup in the charged batteries. In order to reduce this ripple,
a 9.7 uH inductor was added in series to the battery in the charging path. This
inductor significantly reduced the ripple as seen in Figure 26. Although the 30
kHz ripple is difficult to determine in this figure, it is approximately 1 to 2 A peak-
to-peak while charging in the CC stage at 5 A. This ripple is a much lower ripple
value and a much lower percentage of the charging current.
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Figure 25. Initial Charge Current Ripple (AC Coupled).
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Figure 26. Charge Current Ripple after Inductor Addition (DC Coupled).

E. CHAPTER SUMMARY

This chapter has reviewed the construction, assembly, and testing of the
BMS. Details of the charger component PCB construction and assembly
considerations during the construction of the BMS have been covered. The
testing plan for the BMS and the associated results have been presented.
Finally, the numerous modifications to the BMS, especially the charger
component PCB, have been detailed. The next chapter will review the results of

multiple charging and discharging cycles and determine the functionality of the

BMS.
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IV. RESULTS AND CONCLUSIONS

A. OVERVIEW

The data presented in this chapter are the results of tests meant to
confirm that the BMS was capable of charging lithium-ion batteries by using the
CCCV process and then discharging them using repeated pulses. The results
are used to confirm the operation of the BMS as a viable design to the pulse
power system requirements identified in the introduction. Although the results
indicate the BMS is capable of meeting the identified requirements, the BMS was
not tested at its full capabilities due to time restrictions. These results represent
the charging and discharging of a single commercially available lithium-ion
battery, with the characteristics as listed in Table 10. In addition, these results
were conducted at charge voltages and charge and discharge currents below the
maximum capabilities of the BMS as identified previously. Additional testing of
this system is one of the recommendations made in the “further research” section

of this chapter.

Battery Characteristic (Units) @ Value
Capacity (A-hr) 4.4

Maximum Continuous 136

Discharge Current (A)

CC Current Rating (A) 40
CV Voltage Rating (V) 3.6
Charge Cutoff Current (A) 0.40
Discharge Cutoff Voltage (V) 2.5

Table 10. Battery Characteristics of the Test Battery.
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B. RESULTS

As discussed in the testing section of Chapter lll, the initial testing of the
BMS resulted in very large current ripples through the battery. The plot of the
current ripple through the battery during these initial tests is shown again in
Figure 27. An important note is that this oscilloscope plot was generated while
AC coupled so no DC values are present. In addition, the ripples in Figure 27
have a frequency of 30 kHz that is caused by switching frequency of the
converter switch. This plot allowed the calculation of impedance of this battery
by comparing the RMS values of the voltage and current waveforms and by
measuring the angle between the peaks of these waveforms [16], [23]. Using

this method, the impedance for the test battery was determined to be
0.120/-86.4"Q or 7.5x10° - j120x10° Q. This is almost purely inductive which

accounts for the large current ripple generated when charging this battery.
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Figure 27. Initial Charging Tests before Adding the Series Inductance (AC Coupled).

Also as discussed, a 9.7 uH inductor was added in series with the battery
in order to reduce this current ripple. The results presented were generated with
this added inductor.
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Two charge and discharge cycles are shown in the following figures. One data
set is shown in Figures 28 and 29. A second data set is shown in Figures 30 and
31. Both charging and discharging cycles had the same CV voltage values of 3.5
V, but the first cycle had a CC current value of 4 A and a discharge resistance of
0.05 Q while the second cycle had a CC current value of 5 A and a discharge
resistance of 0.025 Q. Figures 28 and 30, the charge and discharge curves,
show the temperature, current, and voltage values as measured by BMS
sensors. Figures 29 and 31, the discharge curves, show the voltages and
currents of the discharge processes as measured directly at the battery and

displayed on an oscilloscope.
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Figure 28. Charge and Discharge Curve, First Data Set.
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Figure 29. Discharge Curve, First Data Set.
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Figure 30. Charge and Discharge Curve, Second Data Set.
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Figure 31. Discharge Curve, Second Data Set.

Both data sets support the following conclusions:

The BMS successfully charges the battery using the CCCV
charging process. In both data sets, a constant current stage is
reached as shown by the limiting current values reached on each
plot. Also in both data sets, a constant voltage stage is reached as
shown by the limiting voltage values reached on each plot. The
transition point between these two stages of the CCCV charging
process, is shown in more detail using the data from the second
data sets in Figure 32. As can be seen, the voltage does slightly
overshoot the desired CV voltage value, but then settles back to the
correct value of 3.5 V. The current, as the charging process is
coming out of the CC stage to the CV stage appropriately begins

slowly decreasing in value.
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Figure 32. CC to CV Transition, Second Data Set.

e Figures 29 and 31 show the current and voltage levels of the
battery during discharge. The plots show the pulsed release of
energy from this battery at currents of approximately 42 A for the
first data set and 64 A for the second data set. Also shown on
these plots, as well as Figures 28 and 30, are the expected voltage
sags during high current discharges [34], [35], [36].

e Finally, Figures 28, 30, and 33 show the expected temperature rise
during pulse discharges of the battery [34], [35], [36]. As seen in
Figure 33, the temperature of the battery in the second data set
rises from approximately 20.3 °C to 23.4 °C. This rise in

temperature was over 12 pulses of 2 seconds duration each.
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Charge and Discharge Curves
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Figure 33. Temperature Rise of the Battery in the Second Data Set.

C. RECOMMENDED FURTHER RESEARCH

While the results of the one-battery charge and discharge process
indicated that the BMS successfully meets the requirements of the pulse power
system, further testing of this system and improvements to the system are

possible. The following list indicates the recommended areas of further research.
e Testing the BMS with two parallel strings of two batteries.
e Testing the full charge and discharge capabilities of the BMS.

e Miniaturize the chargers to make this a more economical and viable
design. This process can be accomplished by the research and
construction of other charger topologies.

e Create the software for and test the BMS using different charging

processes.

e Create the software for and test the BMS with other types of

batteries.
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D. CHAPTER SUMMARY

Results of two charging and discharging cycles have been presented in
this chapter. The results indicated that the intent of the BMS, to provide the
capabilities of a pulse power system, has been achieved. These results, though,
are preliminary and should be further supported with additional testing of the
BMS. Further, the BMS begins to establish a battery research capability at the
Naval Postgraduate School. The BMS should be a flexible battery charging
system that can be modified for different charging processes or different batteries

with only a software change.
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1.

3.

4.

APPENDIX A. BMS SAFETY PROCEDURES

Summary. This document is meant only to summarize safety procedures
for the battery experiments conducted in the NPS power laboratory. It is
not meant to be comprehensive safety standard operating procedures for

battery experiments.

References. Information in this document was gathered primarily from the
Material Safety Data Sheets for the commercially available batteries to be
used in the BMS. In addition, information from the Lawrence Livermore
National Laboratory Safety Notice, “Solid-State Heat-Capacity-Laser
(SSHCL) Lithium-lon Battery System” was used in this document [37].

Dangers. All lithium-ion batteries can either explode or catch on fire from
the following circumstances. Steps to mitigate the occurrence of these
circumstances, whenever possible, will be taken before conducting any

battery experiments.
a. External or internal battery shorts.
b. Overcharging.
c. Excessive current during discharging or charging.
d. Over discharging.

Requirements for Experimentation.

a. All charging and discharging activities will be physically monitored
by personnel in the laboratory. At no time will these activities be

left unattended.
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b. Physical Safety Precautions.

i. In order to lessen the dangers from a potential battery
explosion, a Plexiglas or similar material covering will fully
enclose the batteries in the BMS. This covering will be in

place during any charging or discharging activities.

ii. The BMS will have a physical kill switch that removes all
energy sources from the batteries. In addition, the BMS will
have a physical kill switch that removes all energy sources
from test loads. These switches should be located outside

protective cover.

iii. The protective covering for the batteries will be vented using
a fan to draw air out of the enclosure to the outside air. This
ventilation system will be active during all charging or
discharging procedures. This system will remove harmful

fumes in the case of a battery fire.

c. Safety Equipment.

i. The following safety equipment will be in the vicinity of the
BMS at all times:

1. Safety apron.

no

Safety gloves.

w

Goggles.

B

Fire extinguishers.

a. Type ABC for use on cells that have not

ruptured.

b. Type D fire extinguisher for use on cells that

have ruptured.
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d. Handling.

i. Intact Batteries. No special safety precautions are

necessary when handling intact batteries except those

necessary to prevent accidental discharge.

ii. Ruptured Batteries. Ruptured batteries will only be handled

by individuals with the appropriate personal protective
equipment-safety gloves, safety apron, and eye protection.

These batteries should be appropriately disposed of.

5. Responses to accidents.

a. Ruptured Batteries. Ruptured batteries may be safely disposed of

by individuals wearing the above listed protective equipment. Any
materials that have either leaked out of the batteries or exploded
out of the batteries will be cleaned up with absorbent material and

then disposed of.

b. Battery Fires. Laboratory personnel will not try to fight a battery fire

unless it is necessary for the safe escape of personnel.
6. Storage. Batteries may be safely stored in two methods:

a. All batteries can be stored in holders on the charging circuit as long
as they are physically disconnected from any energy source and

test loads using the physical kill switches.
b. Batteries can be safely stored in their plastic shipping containers.

c. Batteries can be safely stored on their wooden holders, those
provided by the Railgun laboratory or those created by the Power
laboratory, as long as these holders are physically separated from
BMS. The physical separation will prevent accidental discharges

around the BMS in case they are knocked over.
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APPENDIX B. BMS CHARGING MODEL AND MATLAB® CODE

This appendix includes the entire model of the BMS charging model and
the simulations associated MATLAB® code. The model figures show first the

entire model and then drill down into the various subsystems.

Figure 34 shows the overview of the BMS charging model.

Battery Energy Storage System (BESS)

Created by: Maj Frank Filler with significant assistance from Proj Julian and Prof Oriti.
Parts of this simulation are copied directly from labs from their classes.
Start Date: 090714 Last Updated: 091125

time

Clock To Workspacel4 a

=- To Workspace

> To Workspacel

To Workspace2
DC to DC Buck
Converter System w/ Batt 1 Constantl

V_S 10

FPGA Controller

Figure 34. BMS Charging Model Overview.

Figure 35 shows the model of the FPGA controller.
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Figure 35. FPGA Controller Model.

Figure 36 shows the models of the buck converter and battery.

v.s >
D n g &D)
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7z Productl ld Vi s | 1buck » I b 1
&> - eSS
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Vi 4
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I_batt Lookup Table

g
1/Ccap Integrator3
1/Rsd
Model Parameter
Calculations  Divide
|_batt_charge .::*'

Figure 36. Buck Converter and Battery Models.
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>

V_batt

Figure 37 shows the battery model parameter calculations.
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Figure 37. Battery Model Parameter Calculations.

The following MATLAB® code provides the initial conditions for the
execution of the BMS charging model.

%BESS.m

%

%This code completes the necessary steps to complete the thesis research
%for the Battery Energy Storage System (BESS) for the Navy"s Railgun.
%This work was completed by Maj Frank Filler with substantial guidance and
%direction Dr. Alexander Julian.

%

%Maj Frank Filler Date Started: 26 Jan 09

% Date Updated: 25 Nov 09

6%%%%%%%6%6%6%6% % %% 969696%6%%%%%%%%%%% %% %% % %% %% % %% %%%%6%6%6%%%%%% %% %% % %% %% K% %% %% %% %% %%
%Defined variables.

9%%%%%%%%%%%%% %% %%%%%% %% %%%% %% % %% %% % %% %% %% % %% %% %% % %% %% %% %% % % %% % %% %% %% %% % %% %%

tstep=1le-4;

Vs_peak=120*sqrt(2); %Peak voltage of the energy voltage.
Fs=60; %Frequency of the energy voltage.
f_conv=10e3; %Max Sampling Frequency of the voltage to

67



%Frequency converter. Used in the simulation to
%slow reaction of the controller.
ws=2*pi*fs;

tout_calc=0:tstep:tstop;

ST_freq=30e3; %Slope of the ramp for PWM.
N1=1;

N2=10;

N=N1/N2; %Transformer turns ratio.

%P1 gains for the current and voltage controllers.

Kp_i=3*_5;

Ki_i=3.8*.5;

Kp_v=2*_7;

Ki_v=6*_5;

Cf=4_4e-3; %Filter capacitor.

R_b1=2000; %Bleed resistor.

L=66.0e-6; %Inductor in the buck converter.

Cc=100e-6; %Capacitor in the buck converter.

RI=0; %Resistance of the buck inductor.

Ls=0; %Line inductance.

Lsbatt=2e-3; %Inductance necessary in the battery model.
RIs=1le-3; %Resistance of the line inductance.
diode_loss=1.4; %Simulates the volt. loss in the diode rectifier.
SOC_lul=0:.1:1.00; %SOC values for the model parameters lookup tables.
sample_delay=10000; %Delays the end of charge detector.

batt_type=4; %Choose 1 for A123 32113, 2 for A123 26650, 3

%for Saft VL-12v, or 4 for the test model battery.

%Variables necessary from Prof Oriti"s diode rectifier model.
ampl=Vs_peak;
delta=25e-7; %Delay time.

Cdc=Cf;

96%%%%%%%%%6%%%%%%%%6%%%% %% %% % %% % %% %% %% % % %% %% %% %% %% %% %696%6%% %% % %96%% %% % %% %% % %% %%
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%Define type of battery. Each battery will have a Voc vs. SOC values for a
%lookup table-NOTE-these values are discharge current and temperature
%dependent!

96%%%%%%%%%6%%%%%%%%6%%%% %% %% % %% % %% %% %% % % %% %% %% %% %% %% %%6%6%% %% % %96%% %% % %% %% % %% %%

if batt_type==1;

CC_I1=10;

CV_V=3.6;

CV_cutoff=0.4;

Discharge_cutoff=2.5;

Capacity=4.4;

Load=1; %Load for the BESS discharge (20 A).

else if batt_type==2;

CC_I=3; %Can go to 10 Amps for "fast charging."
CVv_v=3.6;

CV_cutoff=0.2;

Discharge_cutoff=2_5;

Capacity=2_3;

Load=1; %Load for the BESS discharge (20A).

else if batt_type==3;

CC_I1=10; %Can go to 12 Amps.
CV_v=4.1;

CV_cutoff=0.1;

Discharge_cutoff=2.5;

Capacity=12;

Load=1; %Load for the BESS discharge (20 A).

else
CC_1=0.8; %This is the battery modeled in the paper.
CV_v=4.1;

CV_cutoff=0.01;
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Discharge_cutoff=3;

Capacity=0.850;

Load=6.40; %Load for the BESS discharge. Creates a

%640 mA discharge (using nominal voltage).

Voc_lu=[3; 3.68; 3.71; 3.76; 3.79; 3.8; 3.83; 3.87; 3.95; ...
4;4.1];

SOC_lu=[0; -10; -20; -30; -40; .50; .60; -70; .80; -90; 1.00];

Rser=0.1562*exp(-24.37.*S0C_lul)+0.07446;

Rt1=0.3208*exp(-29.14.*SO0C_lul)+0.04669;

Rt2=6.603*exp(-155.2.*S0C_lul)+0.04984;

Ct1=-752.9*exp(-13.51.*S0C_lul)+703.6;

Ct2=-6056*exp(-27.12_*S0C_1ul)+4475;

end %else if batt_type==3;
end %else if batt_type==2;

end %if batt_type==1;

06%%6%%%%6%96% %% %% Y%6%6%6% %% %%6%0%% Y% % %6%6%%6%%6% %% %6 %969 %% %% %069 %% %% %% %% %K% %% % %% %% %
%Chen-Rincon-Mora battery model.

96%%%%%%%%%6%%%%%%%%6%%%% %% %% % %% % %% %% %% % % %% % %% %% %% %% %%6%6%% %% % %96%% %% % %% %% % %% %%

f1=1; %Cycle number correction factor.

f2=1; %Temperature dependent correction factor.

Rsd=1e9; %Self-discharge resistance.
Ccap=3600*Capacity*f1*f2; %Capacity capacitance-would need to be

%dynamically calculated to take temperature
%into account.
The following MATLAB® code repeatedly runs the simulation in order to

collect runtime data throughout the charging process.

%BESS_Start.m
%
%This code completes the necessary steps to complete the thesis research

%for the Battery Energy Storage System (BESS) for the Navy"s Railgun.
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%This work was completed by Maj Frank Filler with substantial guidance and
Wdirection Dr. Alexander Julian. VOC_initial and tstop must be set in this

%m File before running simulation. All other variables are set in Bess.m.

%
%Maj Frank Filler Date Started: 24 Aug 09
% Date Updated: 25 Nov 09

00%% %% %%6%%6%6%6 %% H%6%%6969696%6 9% Yo% Y6969 % %% %6% 6% % % Y% %%6%696996 %% H6%696%6 %% 9% Y% 6969 %% %% %6 %% %% %%
%Initial formatting.

00%% %% %%6%%6%6%6 %% H%6%%6969696% 9% Yo% Y6969 % %% %6% 6% % % Y% %%6%696996 %% H6%696%6 K% 9% Y% 6969 %% %% %6 %% %% %%
clear all

close all

format compact

home

96%%%%6%%%%696%%%%%%%696%%96% %% %6%6%6%%6% %% %% % %%6% % %%% % 6%6% %% %% ¥ 9696%6%%%6% ¥ 9696%6% %% % Y% %6%%%6% %%

%Run Simulation at various SOCs. VOC_initial must be set in this m file

%before running simulation. All other variables are identified in Bess.m.

96%%%%6%%%%696%%%%%%%6%6%% 6% %% %%6%6%%6% %% %6%6%%%6% % %% %6%6% %% %% ¥ 9696%6%% %% 9696969 %% % Y% %6%%%6% %%

VOC_initial=0; %initial SOC for the batteries. Use 99.73% to test
%for end of charge detection. Use 99.99% to test
%for Firing sequence.

tstop=20;

sim("BESS_Simulation_v3_01")

fac=0.1;

n=Fac*length(time);

figure(1)

subplot(3,1,1)

plot(time, I_battl)
title("Battery 1 Current Curve®)

ylabel ("Current (amperes)")
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xlabel ("Time (seconds)")
axis([0 tstop 0 (CV_V+.5)1)
grid on

subplot(3,1,2)

plot(time, V_battl)
title("Battery 1 Voltage Curve®)
ylabel ("Voltage (volts)")
xlabel ("Time (seconds)")
grid on

subplot(3,1,3)

plot(time, 100.*SOC_battl)
title("Batteryl SOC")
ylabel ("SOC (%) ")

xlabel ("Time (seconds)")

grid on

%Plot more specifics of the controller.
figure(111)
subplot(5,1,1)
plot(time, V_error)
ylabel (*V error™)
grid on
subplot(5,1,2)
plot(time, I_ref)
ylabel ("1 ref")
grid on
subplot(5,1,3)
plot(time, 1_error)
ylabel ("1 error”)
grid on
subplot(5,1,4)
plot(time, Duty)

ylabel ("Duty Cycle®)
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grid on

subplot(5,1,5)

plot(time, V_battl)
ylabel ("Battery Voltage®)

grid on

%Begin the averaging for the final plot.
1_battl(1:n,:)=[;

V_battli(1:n,:)=[;

SOC_batt1(1:n)=[1;
1_battl_final=mean(l_battl);
V_battl_final=mean(V_battl);

SOC_battl_final=mean(SOC_battl);

Y%pause

fac=0.5;

n=fFac*length(time);

for 11=.01:.02:.99
VOC_initial=ii;
tstop=20;

sim("BESS_Simulation_v3_017)

figure(int8(ii*100))
subplot(3,1,1)

plot(time, I_battl)
title("Battery 1 Current Curve®)
ylabel ("Current (amperes)")
xlabel ("Time (seconds)")
axis([0 tstop 0 (CV_V+.5)])

grid on

subplot(3,1,2)
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plot(time, V_battl)
title("Battery 1 Voltage Curve®)
ylabel ("Voltage (volts)")

xlabel ("Time (seconds)")

grid on

subplot(3,1,3)

plot(time, 100.*SOC_battl)
title("Batteryl SOC")

ylabel ("SOC (%) ")

xlabel ("Time (seconds)")

grid on

%Plot more specifics of the controller.
figure(111)
subplot(5,1,1)
plot(time, V_error)
ylabel ("V error”)
grid on
subplot(5,1,2)
plot(time, I_ref)
ylabel ("1 ref")

grid on
subplot(5,1,3)
plot(time, 1_error)
ylabel ("1 error™)
grid on
subplot(5,1,4)
plot(time, Duty)
ylabel ("Duty Cycle")
grid on
subplot(5,1,5)
plot(time, V_battl)

ylabel ("Battery Voltage®)
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grid on

I_battl(l:n,:)=[;

V_battl(1:n,:)=[;

time(1:n)=[1;

SOC_batt1(1:n)=[]1;
1_battl_final=[1_battl_final; mean(l_battl)];
V_battl_final=[V_battl_final; mean(V_battl)];

SOC_battl_final=[SOC_battl final; mean(SOC_battl)];

end %ii=???

%Discharge period.
VOC_initial=.999;
tstop=20;

sim("BESS_Simulation_v3_01")

figure(100)

subplot(2,1,1)

plot(time, I_battl, time, V_battl)
title("Battery 1 1-V Curve")
ylabel ("Current (amperes)/Voltage (volts)")
xlabel ("Time (seconds)")
legend("Current”, "Voltage")
axis([0 tstop 0 (CV_V+.5)])

grid on

subplot(2,1,2)

plot(time, 100.*SOC_battl)
title("Batteryl SOC")

ylabel (*SOC (%) ")

xlabel ("Time (seconds)")

grid on
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I_battl(l:n,:)=[;

V_battl(1:n,:)=[;

time(1:n)=;

SOC_batt1(1:n)=[]1;
1_battl_final=[1_battl_final; mean(l_battl)];
V_battl_final=[V_battl_final; mean(V_battl)];

SOC_battl_final=[SOC_battl final; mean(SOC_battl)];

96%%%%%%%%%%%% %% %%%%%%% % %% %% % %% %% % %% %% %% %% % %% %% %% % %% %% %% %% %% %% %% %% % %% %% %%%% %
%Plot overall data.

96%%%%%%%%%6%%%%%%%%6%%%% %% %% % %% % %% %% %% % % %% % % %% %% %% %% %%6%6%% %% % %96%% %% % %% %% % %% %%

figure(1000)

plot(100.*SOC_battl_final, 1_battl final, "r*--", 100.*SOC_battl_ final,
V_battl_final,"b*--")

title("Charge Profile®)

ylabel ("Current (amperes)/Voltage (volts)")
xlabel (*SOC (%) ")

legend("Current®,"Voltage®, "location®, “east")

grid on
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